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I. INTRODUCTION 

The Man-Vehicle Control%aboratory performs research i n  

a number of areas re la t ing  t o  the limitations and capabili- 

ties of men involved i n  the guidance, conkrol and stabili- 

zation of moving vehicles. Oup approach stresses the appli- 

cation of automatic control theory t o  tan interdisciplinary 

f ie ld  which includes problems in psychology and biology as  

w e l l  as control systems. The design of experlments and 

analysis of resu l t s  leans heavlly on the concepts of analytic 

o r  semi-analytic models of human operator characterist ics.  

A schematic breakdo- of the problem of burclan dynamic 

orientation is shown i n  P'ijpme 1, where those items which 

are  s ta r red  represent areas of concentrated e f fo r t  during the 

first half of 1965, 

described i n  previous s t a tus  reports, we have begun serious 

consideration of the hutaan adaptive mechanism and the prob- 

l e m s  of adaptive control i n  combined man-machine systems, 

In addition t o  the areas of' Interest  

The following sectioru5 of this report w i l l  touch br ie f ly  on 

the areas of reeearch carried out in each of the four prob- 

lem subdivisions: sensors, control and compensation, motor 

mechanisms, and controlled vehicles. 
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Control Models for the Normal Vestibular System 

One of the primary goals of the research carried out 

under subject want has been a better understanding of the 

effect of motion on the ability of men to perform a variety 

of control actions, The otoliths and semi-circular canals 

making up the vestibular system in man required fuller 

exploration, Comequently, an extensive experimental and 

analytic study of the dynamic characteristics of these sen- 

sors was undertaken, using our two-axis angular motion simu- 

lator and one--BXis linear motion simulator. Many of the 

results of this research are presented in the doctoral 

thesis of Jacob L, Wiry, which also appears as a Man-Vehicle 

Control Laboratory -Technical Report under the sub3ect grant. 

Dr. Meiry has been appointed an Assistant Professor In 

Aeronautics and Astronautiics and Post-Doctoral Fellow in 

Engineerlag. and will remain with the laboratory to carry  on 

this research progptrm. The abafract of his thesis 1s given 

below, 

"The Vestibular System and Human Dynamic Spa- oPientationw 
bY 

Jacob L. Ne- 

The motion sensors of the vestibular system are studied 
to determine their role in human clymmic space orientation 
and manual vehicle control. The investigation yielded 
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control models for the sensors, descriptions of the sub- 
systems for eye stabilization, and demonstrations of the 
effects of motion cues on closed loop manual contml. 

Experiments on the abilities-of subjects to perceive 
a variety of linear motions provided data on the dynamic 
characteristics of the otoliths, the linear motion sensors. 
Angular acceleration threshold measurements supplemented 
knowledge of the semicircular canals, the angular motion 
sensors. Mathematical models are presented to describe the 
known control characteristics.of the vestibular sensors, 
relating subjective perception of motion to ob3ective 
motion of a vehicle. 

The vestibular system, the neck rotation propriocep- 
tors and the visual system form part of the control system 
which maintains the eye stationary relative to a target or 
a reference. The contribution of each of these systems was 
identified through experiments involving head and body rota- 
tions about a vertical axis. Compensatory eye moveaents in 
response to neck rotation were demonstrated and their 
dynamic characteristics described by a lag-lead model. The 
eye motions attributable to neck rotation8 and vestibular 
stlmulatlon obey superposition when both systems are aetive. 

Human operator compensatory tracking is investigated 
in simple vehicle orientation control systems with stable 
and unstable controlled elements. Control of vehicle 
orientation to a rezerence is almulated in three modes: 
visual, motion and combined. Motion cues sensed by the 
vestibular system and through tactile sensation enable the 
operator to generate more lead compensation than in fixed 
base simulation with o n l y  visual input. The tracking per- 
formanee of the human In an unstable control system near 
the limits of controllability is shown to depend heavily 
upon the rate information provided by the vestibular sen- 
sors. 

Vestibular-Tactile Exp erislerrts with Labyrinthine Defective 

Subjects 

The experlmeats described above were designed to explore 

vestibular system control Arnctions by experimental isolation 

of the vestibular, tactile and visual input sources. A n  

alternate approach In this investigation is the testing of 
- 



subjects with known defects or complete absence of a f'unc- 

tionlng vestibular system, and comparing their experlmental 

results wlth normals. A Joint series of experlments t o  t h i s  

end waa suggested by C a p t a l n  Ashton (Iraybiel, Dfiector of' 

Research of the U. S. Xavy School of Aviation Medicine, 

Pensacola, Florida. Captain draybiel made arrangements fo r  

himself and f ive  other staff members t o  come t o  M,I.T. w i t h  

eleven carefully selected test subjects for  a week's testing 

i n  July, In preparation fo r  these experiments, the linear 

acceleration cart was modified and overhauled to increase 

its7frequency response and reduce e x t e r d  motion cues 

traneunltted through vibration. A summary of the twelve 

experiments planned f o r  the H.LT,-U.S.IV, V e s t i b u l a r  Series 

is given below: 

F i r s t  goal: me stab i l iza t ion  - ro le  of the vestibular 

system in conJunction with visual  and neck proprioceptive 

systems. 

Experiments: Si11~80idal Rotational Stlmuli-81easurement 

of horizontal eye movements. 

a) V 6 s t i b u l a r  nystagmus i n  dark - head and body 

ro ta te  together 0.04 t o  2.0 cps, 5 frequencies 

V e s t i b u l a r  stimulation w i t h  inside ro ta t inq  b) 

visual f fe ld  

Vestlbular stimulation with external - fixed 

visual f ield 

0 )  
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d) Neck rotat ion In dark - head fixed - six 

frequencies 

e )  V e s t i b u l a r  and neck rotation in darkness 

f )  Head and neck stationary, visual target motion 

Emer3sent: Slnasoidal Linear Acceleration - meamre- 

ment of horizontal eye movements, if .any. 

Second pro&: 

with t a c t i l e  acceleration thresholds. 

ThreshplaS of the vestibular 8713tera compared 
- 

. .  Experinrents : 

a )  Constant angular acceleration, head and body-xwtate 

together, measurement of time t o  sub3ectlve detec- 

t i on  - 0.15 to -13  deg/sec2 in 5 steps 

Constant linear acceleration, upright position, 

0.0075 t o  0.2 g's in 5 ateps 

~hase of subjective velocity for 8111U8018al linear 

acce lera t lon~ 0.025 t o  0.8 cps 

b) 

c )  

Thud goal: Role of the ve8tibular system i n  providing rate 

information fo r  vehicle control. 

ExperIment8: 

a )  Control with respect t o  t h e  ver t ical  of unstable 

system of v-ng difficulty - fixed base 

b) Control of same a ~ ~ a t e r ' w h l i e  seated In llloving cab 

without visual dispaay 
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111, CONTROL AND COBIPEIQSATION 

Adaptive Control 

Several aspects of the characteristics of' the human 

as an adaptive controller have been considered i n  an attempt 

t o  establish the principal types of adaptive control and t o  

set for th  the requirements for optimum manarachlne adaptive 

control. Many of these ideas are summarized In a paper 

en t i t l ed  "Adaptive Functions of Man in Vehicle Control 

Systems' by Yo T. Ll, Lo R. Young, and J. L. Mew, prepared 

f o r  presentation t o  the International Federation of Automatic 

Control (Teddlngton) 

Adaptive Control Systems, September 14-17, 1965. An abstract  

sylnposium on the Theory of Self- 

of t h i s  paper i s  given below: 

Inabi l i ty  of human p i lo t s  t o  introduce adequate adapta- 
t i on  of t he i r  control providedmuch of the motivation for  the 
development of autorpatic adaptive control systems. The 
rapid change i n  vehicle system character is t ics  i n  high per- 
formance aircraft, which may climb from sea level  t o  extreme 
high a l t i tudes  i n  minutes, required automatic adaptive con- 
t r o l  t o  re l ieve the burden on the operator. 

Th i s  paper examinee the principles and composition of 
existing automatic adaptive control systems and on these 
bases the human adaptive as w e l l  as primary control functions 
are analyzed. 

I n  general, the human outshines the autamatic system 
w i t h  h i s  huge capacity fo r  open loop or  programmed control; 
but he lacks the capacity and speed for  m a k i n g  on l i ne  com- 
putations needed i n  the operation of an active continuous 
adaptive system. Humans can also perform some passive type 
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of very simple active type adaptation, but would require 
the assistance of a computer t o  perform complicated active 
adaptation. 

'phis l imitation is responsible for the dominance of 
mechanized systems for  adaptive control. There are advantagea 
at t r ibutable  t o  a capputer-assisted human adaptive control 
system conaideriag the huge capacity of man's open loop 
adaptation, Visual or  scxie other form of multi-wt display 
becomes a necessary medium when computer-man coupling is t o  
be made effectively. Consideriag man's remarkable abi l i ty  
of pattern recognition this task ~ 1 8 y  be i n  many cases easier 
than the coupling of a computer with an automatic actuator 
when a conplicated function is t o  be recognized and mani- 
pulated, 

Phase Plane I)isplay 

Investigations w e r e  continued on the poss ib i l i t i es  of 

using a modified phase plane display for  integrated presen- 

ta t ion  of er ror  and er ror  rate i n  piloted control of Ngh 

order systems. 

display provided sat isfactory lnfomnation for  control of a 

It was verified that a s-le phase plane 

system consisting of three cascaded integrations, and per- 

mitted smoother, more accurate control than the simple cam- 

pensatory e r ror  display with low order systems. 

n i t ion  of "safe regions" i n  the phase plane leading t o  sub- 

The defi- 

optimal conservative traJectorles facilitated its use by 

naive subjects. 

Contact Analog D i s p l a y  of Landing Strips 

A simple contact analog display w a s  required far u8e in  

several of the vehicle simulation programs under'way in the 

laboratory, t o  simulate scme aspects of the visual informa- 

t i on  a p i lo t  would derive by looking out of his window. As 
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a general too l  t o  display three angles indicating a t t i tude  

of the vehicle and three displacements indicating Its posi- 

tion, a ample contact analog was developed t o  display on 

an oscilloscope the lights defining the side of the runwar 

and an artificial horizon, which moved according t o  the 

perspective that would be seenfram 'the vehicle. This dis- 

play I s  controlled d i rec t ly  from the a t t i tude  and displace- 

ment information generated in the analog ccmputer siarula- 

t ion  of the part icular  vehicle under study, and serves as a 
general laboratory tool. 

'phe Effect of a No-Protein D i e t  and Control Stick V a r i a t i o n s  

on Manual !€!rack%ng 

For some time we have experimented w i t h  an adaptive 

tracking t a sk  i n  which the controlled element dynamics 

adapt t o  the operator's abi l i ty  to control. Such a task 

provides a rapid measure of the operator's overall  control 

ability. This task was used as a test in conJunction w i t h  

a p i l o t  experiraent by the Department of Mutrition and Food 

Science t o  detewine the effect of a no-protein diet  on 

human operators' tracking ability. The results are pre- 

sented i n  an M.I.T. Man-Vehicle Control Laboratory Internal 

Memorandum ent i t led  "A Study of the Ef'fect of a No-Protein 

D i e t  and Control Stick V a r i a t l o n s  on Manual Tracking Per- 

formance for  a System w i t h  Adaptive Unstable Dynamics, by 

Phi l ip  Kilpatrick and Laurence R. Young, A p r i l  15, 1965. The 

abstract of that  memorandum is  given below: 
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ABSTRACT 

The purpose of t h i s  experiment was t o  study the ef fec ts  
of a no-protein d i e t  on a human operatorla abi l i ty  t o  per- 
form a d i f f icu l t  manual tracking task and t o  compare the 
m e r i t s  of a linear, On-Off, and pulse type of OontZOl stick, 

The experireent wa8 conducted i n  the bl.I,T. Man-Vehicle 
Control Laboratory under N.A.S.A. grant Nscf-577 i n  collabo- 
ra t ion  w i t h  the Nutrition and Food Science Department. 

unstable system. 
during each tracking run depending on subject perforzaance, - 
The instabil i ty increased If the subject held the displayed 
er ror  below a cr i te r ion  leve l  and decreased if the subJeet 
made er rors  larger than the cri terion. 
designed t o  adjust automatically t o  the maxirmrm level  of 
difficulty the subject could control. This task may be 1 

viaualized as similar t o  balancing a variable length invehted 
pendulum. The pendulum length became shorter, more d i f f i c u l t  
t o  balance, with good performance;asd longer, less d i f f i cu l t  
t o  balance, with poor performance, 

The test required the subjects t o  control an inherently 
The leve l  of systen ins tab i l i ty  changed 

The system was 

Presumably any adverse dietary effecta an coordination 
or  reaction t i m e  and performance differences between control 
s t icks  would be more evident when the sub3ect w a s  forced t o  
operate at the limits of control. 

The dietary ef fec t  w a s  studied by comparing the perfor- 
mance of a control and diet group before and at  the end of 
a five-day diet, Each group consisted of f ive M.I.T. under- 
graduates. During the tes t ing  period, the control group 
followed their nom dally routine while the diet group was 
kept under the supervision of the Nutrition and Food Science 
Department , 

Performance w a s  measured by computing the average leve l  
of ins tab i l i ty  attained during each run and the average con- 
t r o l  s t ick output necesearyto control the system. A con- 
s tan t  s t i ck  output applied a constant'torque or angular 
acceleration t o  the e t a b l e  system. 

and tha t  the l inear  controller w a s  superior t o  the non-linear 
controller fo r  t h i s  task. 

Briefly, the resu l t s  indicated minor dietary e f fec ts  



IV. MOTORMECHANISlrlS 

Pulse, Bang - Bang and Continuous Control Sticks 

In continuation of our consideration of the human 

operator as a bang-bang controller, we extended our In- 

vestigations of various types of l inear  and non-linear con- 

t r o l  st icks.  Although non-linear control sticks can assist 

i n  s tab i l iza t ion  of cer tain very sluggish high order con- 

t r o l  systems, it 1s not c lear  that they are advantageous in 

a l l  high order systems, In particular, in the camparative 

study performed i n  conjunction with the nut r i t ion  experiment 

mentioned above, where the t a s k  was control of an unstable 

pendulm, it w a s  not possible to fina a single force level  

pulse o r  bang-bang control which would enable subjects t o  

generate large forces needed t o  overcme large errors  and 

at the same time allow him t o  exercise f ine control about 

the zero e r ror  position. For t h i s  reason we are continuing 

our study of non-linear control s t i c k  character is t ics  which 

depend upon the magnitude of the e r ror  signal. 

Postural Control as an Output Mechanism 

The abi l i ty  of men t o  generate f ine  balancing control 

by their  postural reflex has led us t o  consider exper-nts 

i n  which the input t o  a vehicle control system comes from 

man's own balancing output rather than his  manipulation of 

a control stick. A n  exper3mental apparatus has been 
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I constructed to be f i t t e d  into the two-axis angular motion 

simulator, permitting Subject8 to control the motion of the 

simulator by shifting their weight balance on a platfom. 



v. CONTrnLLED VmiICLRS 

In an attempt t o  apply some of our research findings 

t o  practical problems of man-vehicle control, we have chosen 

several challenging and i l lus t ra t ive  pract ical  vehicle con- 

t r o l  problems fo r  study 'and simulation. In  each of these we 

have concentrated on the control character is t ics  required of 

the operator and the e f fec t  of motion as a secondary input 

t o  the man. 

Flexible Booster Control 

Control of a flexible booster vehicle by a man l a  a 

challerging task since the r i g i d  body dynamics are unstable 

i n  the aerodynamic region and the higher frequency e l a s t i c  

modes tend t o  interfere  with his ab i l i ty  t o  maintain stable 

control. A fixed and moving base simulation of control of 

a flexible booster is under way t o  establish the ef fec ts  of 

the high and low frequency motion cues, the interaction 

between e l a s t i c  mode amplitude and frequency and the ab i l i ty  

t o  control the r ig id  body mode, and the duplication of con- 

t r o l  operator l lmitations In terms of display requirements 

and automatic s tab i l iza t ion  necessary. 

Man's Role In  "Automatic" Blind Landings 

The proposal of automatic b l ind  landing systems fo r  

commercial air  transportation has raised the question of the 
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particular, 

role of the pilot during the landing phase. In 

the question of pilot adaptability in terms of 

backup or takeover in the event of system malf’unction must 

be considered along with his ability to put in appropriate 

control responses to land the aircraft in zero-zero weather 

entirely on instrument information. Among the areas being 

investigated are the Importance of motion cues in detecting 

malf’unctions, the ability of the pilot to take over at any 

phase of the landlng, and his ability to perform Instrument 

landings starting from a variety of initial conditions. 

Helicopter Control Characteristics 

The control of the campletely unstabilized helicopter 

is normally beyond the ability of the human operator, and 

consequently a number of passive or active stabilization 

loops are built into the vehicle. Since the vehicle is in- 

herently a high order controlled element, it makes an 

interesting amplification of our hypothesis on the role of 

the vestibular system in control of high order systems. A 

systematic investigation is being planned on helicopter 

handling qualities, including the requirements on display, 

external stabilization, and the Importance of motion cues. 



14. 

VI. Rl3PORTS AND PUBLICATIOHS 

I 

The research carried out under NASA Grant #sQ+n has 
been reported in part in the following publications ppesented 

or prepared during the reporting period. 

1. Li, Y.T., L.R. Young and J.L. Meiry, "Adaptive Functions 

of Man in Vehicle Control," I F A C  (Teddlngton) Symposium, 

Sept. 1965. 

Meiry, J.L. , "The Vestibulq. System and Human Dynamic 

Space Orientation," 14,I.T. Man-Vehicle Control Labora- 

t o ry  Report T-65-1, June 1965. 

K 1 . T .  , 1965) 
Young, LOR. and J.L. Heiry, '%ang-bang Aspects of Manual 

Control in High Order Syatems," IEEE Transactions on 

Automatic Control, July 1965. (Also presented at the 

2. 

(Also Sc.D. lPhesis, 

3. 

1965 Joint Automatic Control Conference) . 
4. Meiry, J.L., "A Model for Otolith and its Implication 

on Human Spatial Orientation," 

tical Federation, Athens, ffreece, Sept. 1965. 

International Astronau- 

5. Young, L.R. and J.L. Meiry, "Wanual Control of an Unstable 

System with Visual and Motion Cues," TapIR International 

Convention Record u, Part 6, 1965 (Presented at 
International Convention, New York, Warch 1965 - one 
more section to come), 
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VII. PLANS, PROGRAMS AHD PERSONMEL 

Our plans for research in the latter half of 1965 

call for continuation of the programs already in progress 

and described in this report, and Initiation of three new 

areas aentfoned in our proposal. The new areas are the 

following: 

i) Fluid dynamics of the vestibular system and 

reactions to bizarre stimulation. Whereas the work we 

have done thus far has concentrated on the input-output 

characteristics of the semi-circular canals and otoliths, 

this study will investigate the actual Paschanical events 

taking place in the labyrinth. We feel that some of the 

convent imal explanations of "Coriolis st -at ion" and 

caloric stimulation may prove misleading. 

11) 

varying systems - both a8 it applies to human identification 
of varying vehicle characteriatics and automatic identifi- 

cation of human adaptive behavior. 

An investigation of the identification of time 

iii) 

control uaing audio input signals Including study of the 

sensors (thresholds , dynamic response, habituation) for 
monaural and binaural listening to changes in pitch and 

intensity. 

studied, and digital coding of audio signals will be 

considered. 

Study of the potential and limitations of manual 

Several vehicle systems applications will be 



16. 

Each of these programs 1s expected to form the research 

area for three doctoral candidates who have recently 

joined the laboratory. In addition, at least five other 

graduate students and two undergraduates will be involved 

in various aspects of the research. 

To meet the increasingly severe requirements of 

display, simulation and data reduction, as uell as to 

fulfill the special laboratory needs in real time man- 

vehicle adaptive control, we have considered a number of 

analog and digital conrputers and conversion equipment. 

It was decided to purchase a self-contained hybrid computer 

syatem to tie into the two-axis angular motion simulator 

and the llnear aceeleration cart. 'Fhis system is expec- 

ted to be in operation by the end of 1965. 
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